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Patterns of Monarch Site Occupancy and Dynamics in Iowa
Abstract
The monarch butterfly (Danaus plexippus) is the focus of large-scale habitat restoration efforts because of
recent population declines. From 2006-2017 we monitored monarchs at >400 sites throughout Iowa to link
site occupancy and colonization/extinction dynamics to the presence of milkweed, site-specific habitat
metrics, and landscape context at differing spatial scales. We used a robust design occupancy model in
Program MARK and a hierarchical model selection approach to estimate site occupancy, extinction and
colonization probabilities, and detection probability. Occupancy models revealed that monarchs responded
differently to landscape features, environmental conditions, and local habitat conditions for site occupancy,
extinction, and colonization probabilities. For site occupancy, the mean patch size of grassland at the 1-km
spatial scale had a positive effect (βGrassPS1K = 0.94, SE = 0.54) while the percent of the landscape in
woodland at the 200-m spatial scale had a negative effect (βWoodPL200 = −1.68, SE = 0.34). For extinction,
there were additive effects of the percent of the landscape in woodland at the 100-m spatial scale
(βWoodPLAND100 = 2.70, SE = 0.63), the interspersion of grassland at the 1-km spatial scale (βGrassIJI1K =
−2.30, SE = 0.63), and litter depth (βLitter = 0.46, SE = 0.13). Finally, there were negative effects of the
percent of the landscape in woodland at the 200-m spatial scale (βWoodPLAND200 = −4.67, SE = 1.37) and
the interspersion of grassland at the 100-m spatial scale (βGrassPS1K = −2.02, SE = 0.70) on colonization
probability. Detection probability was affected by the additive effects of canopy cover and monarch density;
no other detection model was competitive. In the top model there was a positive effect of monarch density
(βDensity = 0.28, SE = 0.05) and a negative effect of canopy cover (βCanopy = −0.18, SE = 0.03) on detection
probability. In Iowa, monarchs are widespread on conservation lands where they avoid sites with lots of
canopy cover. Colonization and extinction processes are influenced by an interplay of landscape attributes
across multiple spatial scales and site habitat attributes. Our study provides the first comprehensive insight
into monarch use of conservation lands in Iowa, and predicted responses to important covariates may be
useful for future conservation efforts.
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The monarch butterfly (Danaus plexippus) is the focus of large-scale habitat restoration
efforts because of recent population declines. From 2006-2017 we monitored monarchs
at >400 sites throughout Iowa to link site occupancy and colonization/extinction
dynamics to the presence of milkweed, site-specific habitat metrics, and landscape
context at differing spatial scales. We used a robust design occupancy model in Program
MARK and a hierarchical model selection approach to estimate site occupancy, extinction
and colonization probabilities, and detection probability. Occupancymodels revealed that
monarchs responded differently to landscape features, environmental conditions, and
local habitat conditions for site occupancy, extinction, and colonization probabilities. For
site occupancy, the mean patch size of grassland at the 1-km spatial scale had a positive
effect (βGrassPS1K = 0.94, SE = 0.54) while the percent of the landscape in woodland
at the 200-m spatial scale had a negative effect (βWoodPL200 = −1.68, SE = 0.34). For
extinction, there were additive effects of the percent of the landscape in woodland at the
100-m spatial scale (βWoodPLAND100 = 2.70, SE = 0.63), the interspersion of grassland
at the 1-km spatial scale (βGrassIJI1K = −2.30, SE = 0.63), and litter depth (βLitter =
0.46, SE = 0.13). Finally, there were negative effects of the percent of the landscape
in woodland at the 200-m spatial scale (βWoodPLAND200 = −4.67, SE = 1.37) and the
interspersion of grassland at the 100-m spatial scale (βGrassPS1K = −2.02, SE = 0.70)
on colonization probability. Detection probability was affected by the additive effects of
canopy cover andmonarch density; no other detection model was competitive. In the top
model there was a positive effect of monarch density (βDensity = 0.28, SE = 0.05) and a
negative effect of canopy cover (βCanopy =−0.18, SE= 0.03) on detection probability. In
Iowa, monarchs are widespread on conservation lands where they avoid sites with lots
of canopy cover. Colonization and extinction processes are influenced by an interplay
of landscape attributes across multiple spatial scales and site habitat attributes. Our
study provides the first comprehensive insight into monarch use of conservation lands
in Iowa, and predicted responses to important covariates may be useful for future
conservation efforts.
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INTRODUCTION
The theory of Island Biogeography (MacArthur and Wilson,
1967) suggests that species diversity is a function of the processes
of immigration and extinction, in addition to attributes of
the habitat patch such as size (the species-area relationship)
and distance from the nearest source population (the species-
distance relationship). The concept of metapopulations (Levins,
1969) arose from this work to suggest how populations of
the same species interact at some spatial scale. Through time,
a metapopulation is generally thought to be stable while its
distinct populations occupy suitable habitat patches and are
subject to fluctuations resulting from the processes of extinction
and colonization (Levins, 1969). Occupancy modeling estimates
the probability a species is present in a habitat patch and is
increasingly used as a long-term monitoring tool (MacKenzie
et al., 2003; Manley et al., 2004; Bailey et al., 2007). Much
work has focused on how to manage these populations for a
species’ long-term persistence. Some important considerations
include the quality of habitat and degree of loss of habitat
(Thomas, 1994), the size of the patch (Tscharntke et al., 2002),
and the number and spatial arrangement of patches (Burkey,
1988; Hanski and Thomas, 1994; Hanski and Ovaskainen, 2000;
Ouin et al., 2004). The spatial scale at which these effects
operate is also an important consideration for butterflies (Loos
et al., 2014; Olivier et al., 2016) and other pollinators (Murray
et al., 2012), although few studies have addressed this topic.
Understanding these processes is vital to the conservation of
a species.
Efforts to manage the size of a habitat patch or the
spatial arrangement of habitat patches are often not possible
for economic reasons or because of land-use restrictions
(Thomas, 1999; Zingg et al., 2018). Improving habitat quality
in a patch is often the most feasible conservation measure
available, and this applies to butterflies and also other taxa.
Therefore, understanding species-habitat relationships is critical
for management and conservation efforts of butterflies (Arnold,
1983; Dover and Settele, 2009). Grassland butterfly species
respond to a host of local and landscape-level factors when
selecting habitats for feeding and reproduction. In fragmented,
agricultural landscapes such as the Midwestern U.S., butterflies
must seek out patches of suitable grassland habitat from large
areas of unsuitable habitat. This landscape can include native
remnant grasslands (Davis et al., 2007), road right-of-ways (Ries
et al., 2001), and other types of habitat patches. Attributes of these
grasslands that are important include patch size (Tscharntke
et al., 2002; Davis et al., 2007), permeability of the edge habitat
(Ries and Debinski, 2001; Luppi et al., 2018), and measures of
nectar sources and host plants (Clausen et al., 2001; Schneider
and Fry, 2001; Pywell et al., 2004; Curtis et al., 2015; Luppi et al.,
2018). It is also important to consider a multi-scale approach
to habitat selection (McGarigal et al., 2016), although there are
still relatively few examples for butterfly communities (Bergman
et al., 2004; Olivier et al., 2016). Despite a widespread belief
that selection factors operate at multiple spatial scales, many
studies continue to consider just a single spatial scale (Bergerot
et al., 2011; Öckinger et al., 2012) or use categorical local and
landscape scales (Loos et al., 2014; Luppi et al., 2018). In a
metapopulation context, management or conservation actions
on even a subset of habitat patches may be important for a
species’ persistence.
The monarch butterfly (Danaus plexippus) has been the
focus of intensive conservation efforts because of an estimated
80% decline in the eastern population in the last 20 years
(Semmens et al., 2016; Oberhauser et al., 2017). Threats and
causes for this population decline are many and include the loss
and degradation of breeding habitat and resulting impacts on
fecundity (Pleasants and Oberhauser, 2013; Flockhart et al., 2015;
Pleasants, 2015), climate change (Zipkin et al., 2012; Zalucki
et al., 2015), and threats on their wintering grounds (Oberhauser
and Peterson, 2003; Brower et al., 2012). Much of the recent
recovery focus has been directed at habitat restoration efforts
on the breeding grounds (Thogmartin et al., 2017), especially
by planting milkweed (primarily Asclepias sp.), which is the
obligate host plant along with other nectar sources. Recent
work suggests that most milkweed currently occurs on publicly
owned grasslands, road right-of-ways, and in areas enrolled in
conservation programs within the primary U.S. breeding range
(Pleasants and Oberhauser, 2013; Pleasants, 2017; Thogmartin
et al., 2017); the remaining milkweed occurs in marginal habitat
such as agricultural fields. Adding 1.3–1.7 billion milkweed stems
in the Midwestern region of the U.S. has been identified as a
conservation priority to reduce quasi-extinction probability of
the monarch (Pleasants et al., 2017; Thogmartin et al., 2017).
This recommendation is informed by an extensive knowledge
of monarch natural history (Zalucki and Kitching, 1982; Bull
et al., 1985; Oberhauser, 1997; Flockhart et al., 2012; Zhan
et al., 2014; Jepsen et al., 2015; Pitman et al., 2018) and
emerging information about their movement patterns during
the breeding season (Zalucki et al., 2016; Grant et al., 2018).
Several authors have developed demographic models to predict
future changes in the monarch population, ranging from full-
life-cycle models (Flockhart et al., 2015; Oberhauser et al.,
2017) to those restricted to just the breeding season (Yakubu
et al., 2004; Flockhart et al., 2013). An additional complexity
is the annual cycle of the monarch, which includes multiple
generations each year that are temporally and spatially explicit
but with some overlap (Nail et al., 2015). But what is needed
is a greater understanding of metapopulation dynamics—what
proportion of habitat patches in a region are occupied during
the breeding season, and at what rates do monarchs use
(“colonize”) and not use (“disappear from”) those habitat patches
between years?
In this paper we describe the metapopulation dynamics
of monarch butterflies at >400 public and private properties
in Iowa, USA. We investigate how local- and landscape-scale
factors affect site occupancy by monarchs, and how those same
factors influence the probability of colonization and extinction
across our sample of sites. Collectively, this information provides
greater insight into how monarchs exploit habitat patches in
a region of intensive agriculture, and what attributes of those
patches might benefit from future conservation efforts.
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FIGURE 1 | Location of the 417 properties that were surveyed for monarchs in Iowa, 2006-2017.
MATERIALS AND METHODS
Study Area
We studied monarchs at public and private properties located
throughout Iowa (Figure 1) as part of the Iowa Multiple Species
Inventory and Monitoring (MSIM) program (Iowa Department
of Natural Resources, 2016). More than 60% of Iowa is comprised
of agricultural cropland, with about 13% in grassland, 7% in
woodland, and 0.7% in wetland (Iowa Department of Natural
Resources, 2015). The state is comprised of seven landform
regions (Northwest Iowa Plains, Missouri Alluvial Plain,Western
Loess Hills, Des Moines Lobe, Southern Iowa Drift Plain,
Iowan Surface, Paleozoic Plateau, and Mississippi Alluvial Plain;
Prior, 1991). Most of the MSIM study sites are located on
public land, which encompasses only about 2% of the state.
Study sites were selected using a stratified random design
(Kinkead, 2006), and this process is described in further detail
in Harms et al. (2014). Briefly, sites that were >97 ha were
classified based upon 19 different habitat classes according to
the original Iowa Wildlife Action Plan (Kinkead, 2006; Zohrer,
2006). To ensure equal representation across the entire state, we
split the state into four relatively equal management districts
(northeast, southeast, northwest, and southwest). Each year,
sites were randomly chosen without replacement within each
habitat type within each management district. We also randomly
selected a subset of “permanent” sites to be surveyed every
year. In addition to sites on public land, a few of the sites
were located on private land and were surveyed as part of the
Landowner Incentive Program (https://wsfrprograms.fws.gov/
subpages/grantprograms/lip/lip.htm). Finally, a small number
of sites (n = 88) were non-randomly selected for a variety of
management reasons and are included in our analyses. These
non-random sites were not chosen with any expectation that
they were more or less likely to be occupied by monarchs, and
they included a similar range of habitat types to the randomly-
chosen sites. At each site, primary habitat was delineated by a
10.4-ha area in the shape of a hexagon oriented in a north-south
direction. Hereafter, we refer to this area of primary habitat as the
“core area,” and butterfly and habitat surveys always took place
within this core area.
Butterfly Surveys
We utilized line transects to survey monarchs between 2006
and 2017 following a modified approach of Pollard and Yates
(1993). These transects were used to survey all butterfly species,
including monarchs. Transects were 400m in length and mostly
situated in a north-south direction so as to dissect the core habitat
of the site. However, in some cases transects were placed to avoid
barriers (e.g., rivers, major roads), so they were split or oriented
in an east-west direction. Transects were divided into 10-m
sections, resulting in 40 sections per transect. Observers slowly
walked each section, taking ∼1min per section, and counted
all butterflies seen within 2.5m of each side of the transect
(so a 5m transect width). There were typically 3–5 observers
every year, and observers often differed between years. Observers
usually remained consistent throughout a season and received
training to identify butterflies to species prior to start of surveys.
We assumed that training efforts combined with the ease of
identifying a monarch in the field were sufficient to minimize
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observer effects, which we did not consider in our models. At the
beginning of each survey we recorded temperature (◦C), wind
speed (km/h), and percent cloud cover. We conducted surveys
between 1000 h and 1830 h when the temperature was between
21 and 35◦C and wind speed was<16 km/h. For most properties
we conducted four surveys between June 1 and August 31 with at
least 2 weeks in between surveys, but in some years a cold spring
or early summer resulted in a delay in the start of surveys and
some surveys occasionally continued into September.
Local-Scale Variables
A primary focus of our work was to understand how site-
specific habitat attributes of a site influenced monarch use. To
estimate these local-scale (or habitat) variables, we conducted
annual vegetation surveys during the growing season (month of
August) within the core area of each site. We were interested in
three local-scale variables: average litter depth (cm), frequency of
milkweed, and percent canopy cover. Vegetation surveys were
conducted at eight plots within the core area: six were situated
at each corner of the hexagonal core area, one was placed in the
center of the core area, and another was randomly chosen each
year at each site. During the early years of the MSIM program,
three additional plots were surveyed instead of one, but we
reduced the number of plots due to time constraints. Each plot
had a radius of 17.3m and vegetation transects were established
at three aspects (30◦, 150◦, and 270◦) from the center of the plot.
Different measurements were taken along each transect. For the
first transect we measured litter depth (cm) at three distances
(2.5, 5.0, and 7.5m) from the center of the plot. We averaged
litter depth across each of these distances for each site and year.
Along the first and second transect we placed 1-m2 quadrats
at 4.6m from the plot center. We estimated the percent aerial
coverage of all plants. Most plants were identified to species
but some were identified only to family or genus. We identified
additional plant taxa by completing a 5-min search of the entire
plot after each survey. Milkweed frequency was estimated by
averaging the number of the larger plots that had milkweed of
any species present. Finally, we measured the presence of canopy
at the four cardinal directions 7.3m from the center of each plot.
The observer did this by looking up and recording the presence
or absence of any visual vegetative obstruction. Canopy cover at
each site was then estimated as the frequency at which canopy
was recorded as present at those four sampling points within each
larger plot (Iowa Department of Natural Resources, 2016).
Landscape-Scale Variables
The local-scale habitat attributes were paired with landscape-
level covariates to provide a clearer picture of how monarchs
used each site. Unlike the local-scale variables, we calculated
landscape-level variables using remotely-sensed data. Landscape
data were calculated from the 2009 high resolution Iowa
Landcover file (Ensminger et al., 2016) and analyzed using
ArcMap 10.5.1 and FRAGSTATS (ver. 4.2; McGarigal et al.,
2012). The 2009 Iowa Landcover file has a 3-m resolution and
includes 16 landcover classifications, some of which we merged
into broader categories of woodland (merged 4 classifications),
grassland (merged 3 classifications), and agriculture (merged
2 classifications). We assessed all landscape covariates at four
different spatial scales: 100, 200, 500m, and 1 km. Our choice of
this range of spatial scales was based on previous work illustrating
how butterflies select habitat at differing scales (Bergman et al.,
2004; Davis et al., 2007; Luppi et al., 2018). We generated buffers
(Analysis Tools, Proximity, Buffer) at these four radii around
each transect and clipped the landcover layer using the clip tool
(Dana Management Tools, Raster, Raster Processing, Clip). The
resulting raster layers were used in FRAGSTATS to estimate
class specific covariates at each spatial scale. Specifically, we were
interested in landscape metrics for “grassland,” “woodland,” and
“agriculture” in the 2009 Iowa Landcover file. We were interested
in six measurements for each landcover type: largest patch index
(LPI), percentage of landscape (PLAND), edge density (ED),
patch density (PD), mean patch size (PS), and interspersion-
juxtaposition index (IJI). LPI measures the percentage of the
landscapemade up of the largest patch of the respective landcover
type. PLAND is a measure of the percentage of the landscape
made up the landcover type. ED is equal to the total length
(m) of the edge of the landcover type in the landscape per ha,
and PD is the number of patches in the landscape per ha. PS
is the mean patch size (ha) within the landscape. IJI measures
the degree of interspersion of the landcover type within all other
landcover types in the landscape. High values of IJI result from
landscapes in which the patch types are interspersed (i.e., equally
adjacent to each other) while low values result from landscapes in
which the patch types are poorly interspersed (McGarigal et al.,
2012). Collectively, these metrics allowed us to characterize the
landscape within which each site was situated, albeit for just
a single year (2009) of classified habitat data. Remotely-sensed
data were not available for all years of the study, nor were 3-m
resolution data available for other years of the study than 2009.
This is an important assumption of the landscape-level analyses,
and we think it is reasonable because (a) the landscape classes are
coarse and merge multiple landcover classes, (b) the likelihood of
switching between these classes during the 12-year study seems
rather small (e.g., it would be unlikely for a pixel to switch from
agriculture to forest in 12 years because of limitations in plant
succession), and (c) any changes that did occur were probably
rare and thus unlikely to alter overall patterns. Thus, we assume
this single year, situated in year four of our 13-year study, is
representative of all years of the study.
Data Analysis
We used the robust design occupancy model (MacKenzie et al.,
2003) in Program MARK (White and Burnham, 1999) to
examine the effects of local- and landscape-scale variables on
site occupancy and dynamics of monarchs. The model data are
summarized in presence-absence encounter histories and do not
make use of actual counts. This model produces estimates of
site occupancy (ψ) while accounting for imperfect detection
(p) over multiple primary sampling occasions (i.e., years). As
with single-season occupancy estimation, the assumption of
population closure applies within the sampling timeframe (i.e.,
secondary sampling occasions) but is relaxed between primary
occasions in the robust design model (MacKenzie et al., 2002,
2003). From this model we can estimate site dynamics between
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years. This estimation is done by calculating site extinction
probability (ε, the probability a site is unoccupied at time t + 1
given that it was occupied at t), and site colonization probability
(γ, the probability a site is occupied at t + 1 given that it was
unoccupied at t; MacKenzie et al., 2003).We acknowledge that all
monarchs disappear from a site between years because they are
migratory, so the interpretation of these two parameters differs
slightly from the usual explanation. Both essentially represent
changes in state (occupied to unoccupied, or unoccupied to
occupied) as a rate change between years. In our study, the
primary sampling occasions were the years 2006 to 2017 (12
primary occasions). The secondary sampling occasions were the
surveys that occurred within each year.
A major challenge for our analysis was how to best approach
the closure assumption that is required for the secondary
sampling occasions. The monarch has a unique life cycle that
involves multiple generations produced in quick succession as
the species migrates north each spring (Batalden et al., 2007).
The first generation is produced in spring in the southern U.S.
(generally prior to 1 June; Nail et al., 2015) and their progeny
move north to Iowa and the Midwest beginning in May (Schlict
et al., 2007). An additional 2–3 generations are produced in Iowa
during the summer (generally mid-May through September;
Nail et al., 2015), the last of which eventually migrates to
Mexico to overwinter and then migrate north in the spring
(Solensky, 2004). There is also annual variation in the phenology
of these generations, which further complicates the problem
(Nail et al., 2015). This overlap of generations technically violates
closure because new individuals can emerge during the sampling
period. We argue that by restricting our sampling season we
can minimize this assumption violation sufficiently to result
in an analysis that is of value. To meet the assumption of
population closure within years, we truncated the secondary
sampling occasions to just the primary breeding season of
monarchs (primarily second and third generations) in Iowa,
which is between 1 June and 31 August on average (see Schlict
et al., 2007). This timeframe excludes most migrant monarchs
from the fourth and possible fifth generations (Nail et al., 2015).
We used two parameterizations of the robust design
occupancy model: one that estimates occupancy, extinction
probability, and detection probability, and another that estimates
occupancy, colonization probability, and detection probability.
These parameterizations are necessary because the likelihood
function cannot include all estimates of occupancy, extinction,
and colonization in a single model that allows covariates on
each parameter (MacKenzie et al., 2006). Therefore, multiple
formulations must be used to have covariates on each parameter.
Luckily, different formulations of the model are directly
comparable using model-selection procedures (e.g., Akaike’s
Information Criterion; AIC) because they have the same model
likelihood. For each parameter and to determine important
covariates, we used a step-wise modeling approach similar to
Harms et al. (2014) and evaluated models using AIC adjusted
for small sample sizes (AICc; Burnham and Anderson, 2002).
We examined each parameter separately and in the following
order: detection probability, occupancy, then extinction, and
colonization probabilities. For each parameter, a suite of models
was run (see below for details about what was included and
in what combinations), keeping all other parameters constant.
Detection probability was first, and the best model structure
for detection probability was then used in the two model
formulations that allowed us to model the remaining three
parameters. All analyses were done using the “RMark” package
(Laake, 2013) in Program R (R Core Team, 2018).
We first modeled covariates on detection probability while
keeping all other parameters constant. We were interested in
the effects of wind speed, temperature, and cloud cover on
detection, along with canopy cover and yearly estimates of
monarch densities. Because of their small size, the activity and
behavior of butterflies can be greatly impacted by environmental
covariates, including temperature and wind speed (Wikström
et al., 2009; Cormont et al., 2011; Bried and Pellet, 2012). For
example, butterflies are not as active in cooler temperatures
(Wikström et al., 2009) and there is evidence that monarchs
will avoid shaded regions during the breeding season (Zalucki
and Kitching, 1982). Canopy cover may also affect detection for
this reason, but it may also affect the ability of observers to
see monarchs. Thus, we expected temperature, cloud cover, and
canopy cover to each negatively influence detection probability.
Alternatively, monarchs are strong flyers and we attempted to
survey on days with calm winds (<16 km/h), so we did not
expect wind speed to affect detection of monarchs. Additionally,
detection probability tends to increase with an increasing number
of individuals, and this has been demonstrated for several taxa,
including insects (Mercader et al., 2012). We calculated a simple
count, unadjusted for imperfect detection, for each year of the
study as a simple index of monarch density. Counts were first
averaged for all visits to a site within a year (typically four visits),
and then averaged again across all sites sampled in a year. We
used this as a covariate on detection probability, similar to the
justification outlined by Royle and Nichols (2003) for a density-
dependent effect on detections. We ran all possible combinations
of single and additive covariate effect models, except that we
did not include temperature and cloud cover in the same model
because they were highly correlated. We used the highest-ranked
model from this procedure as the detection probability structure
in all further analyses.
Next, we examined the effects of three local-scale habitat
covariates and five landscape-level covariates (each at four
different spatial scales) on site occupancy, extinction, and
colonization. We first assessed the main effects of each covariate
on occupancy probability with extinction probability fixed with
no effects. Because we were interested in the potential interaction
between patch size and patch density, we also examined the
interaction between these two metrics for each habitat variable
within the same spatial scale.We identified covariates with strong
(95% confidence intervals did not contain zero) coefficients.
These covariates were combined into two- and three-factor
additive models (four-factor for multiplicative interactions) for
occupancy, but we did not include highly correlated variables
(r > 0.60) in the same model. We used the top models (all
those with1AICc< 2) for occupancy in subsequent analyses for
extinction and colonization, where we used the same methods
described above for the main effects and additive models. At
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TABLE 1 | Hypothesized effects of habitat and landscape-level covariates on the
occupancy, colonization, and extinction probabilities of monarchs in Iowa,
2006–2017.
Occupancy Colonization Extinction
HABITAT COVARIATES
Canopy cover – – +
Litter depth – – +
Milkweed frequency + + –
GRASSLAND
ED 0 0 0
IJI – – +
LPI + + –
PD + + –
PLAND + + –
PS – – +
WOODLAND
ED – – +
IJI – – +
LPI – – +
PD – – +
PLAND – – +
PS – – +
AGRICULTURE
ED + + –
IJI + + –
LPI – – +
PD + + –
PLAND – – +
PS – – +
For each habitat class, the six covariates were ED, edge density; IJI, interspersion and
juxtaposition index; LPI, largest patch index; PD, patch density; PLAND, percentage of
the landscape in that habitat; PS, mean patch size. “0” indicates an effect for which we
predicted no effect. See Methods for full details.
each step for all parameters, we scrutinized the model results
and removed any models with uninformative parameters or
numerical convergence problems.We also excluded models from
the competitive model set if they were more complicated versions
of nested models (Burnham and Anderson, 2002; Devries et al.,
2008; Arnold, 2010). Based on preliminary analyses and concerns
about the inability of models to numerically converge, we did not
consider models with more than three covariates for occupancy
and four covariates for extinction and colonization. This resulted
in a moderate number of models for occupancy (n = 1,217),
extinction (n = 1,478), colonization (n = 2,333), and detection
probability (n = 21). We used the top model from each step to
evaluate predictive patterns, which we illustrated only for strong
effects (e.g., those with a 95% CI that did not include zero).
For each parameter we developed specific hypotheses
concerning the local and landscape effects (Table 1).We expected
grassland patch metrics to be particularly important to monarchs
(Jepsen et al., 2015). Not only do grasslands harbor host
plants, but they provide a greater diversity of nectar sources
than agricultural land or woodlands, which has been shown
to have a positive effect on abundance for other butterfly
TABLE 2 | Number of properties, number of butterfly surveys, and frequency of
each with monarchs, Iowa, 2006–2017.
Year Propertiesa Surveys Percent of
properties with
monarchs
Percent of
surveys with
monarchs
2006 14 54 100 52
2007 28 55 71 55
2008 45 148 78 52
2009 68 249 71 47
2010 62 204 77 56
2011 74 236 80 51
2012 80 285 60 30
2013 95 357 43 20
2014 45 165 69 35
2015 126 375 75 45
2016 80 286 50 21
2017 70 269 66 29
Total 787 2,683
aNote that the total includes properties that were surveyed more than 1 year during the
study. The total number of unique properties surveyed was 417.
species (Clausen et al., 2001; Ries et al., 2001; Pywell et al.,
2004; Luppi et al., 2018). In contrast, with the increased use
of herbicide-tolerant corn and soybeans, large patches and a
high density of agricultural land may negatively affect occupancy
and colonization. However, the edges of agricultural fields still
harbor milkweeds (Pitman et al., 2018), so we expected the edges
of agricultural patches to positively affect monarch occupancy
and colonization. Smaller patches of agriculture also have more
edge and less interior habitat relative to larger patches, so we
hypothesized that agricultural patch size would also influence
occupancy and colonization. This may also be true for grassland
habitat. The edges of grassland habitat may be more susceptible
to disturbance, which could increase the amount of milkweed.
Indeed, increased patch size tends to have a negative effect on
disturbance-tolerant species, such as the monarch (Davis et al.,
2007; Pitman et al., 2018). We expected woodland cover to
negatively affect occupancy and colonization and to increase the
probability of extinction. Woodlands may not have abundant
host plants compared to grasslands or agricultural edges for
breeding monarch butterflies (Bhowmik and Bandeen, 1976;
Pleasants, 2017). Furthermore, woodland edges tend to decrease
monarch crossings when they are adjacent to prairies (Ries and
Debinski, 2001), which may indicate that increased woodland
within the surrounding landscape decreases colonization.
RESULTS
We surveyed for monarchs at 417 sites across Iowa during the
12-year study (Figure 1). The total number of site × year visits
totaled 787 (Table 2; mean= 65, range was 14–126). By year, the
percentage of surveyed properties with monarchs ranged from 43
to 100%, but the percentage of surveys that detected one or more
monarchs was much lower and ranged from 20 to 56% (Table 2).
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TABLE 3 | Frequency of butterfly surveys at each site, Iowa, 2006–2017.
No. of years No. properties
1 259
2 93
3 12
4 24
5 5
6 7
7 5
8 6
9 2
10 2
11 2
This illustrates that of the 417 properties surveyed during this study, 259 were surveyed
in only 1 year, 93 were surveyed in 2 years, etc.
Most properties in this study were visited just 1 year (n = 259)
with fewer properties visited more years; two properties were
surveyed for 11 years (Table 3). Yearly means of the three habitat
covariates were variable (Table 4) with canopy cover ranging
from 32 to 52%, litter depth from 1.19 to 6.10 cm, and milkweed
frequency from 0 to 100%. Estimates (mean, SD, and range)
for six landscape-level covariates at four spatial scales calculated
using the 2009 land-cover data for Iowa showed considerable
variation between grassland, woodland, and agricultural habitats
(Table 5).
Occupancy models revealed that monarchs responded
differently to landscape features, environmental conditions,
and local habitat conditions for site occupancy, extinction,
and colonization probabilities. For site occupancy, there were
three competitive models (Table 6) but some uncertainty about
covariate effects. These three models all had additive positive
effects of grassland (patch size, percent of landscape, and patch
density) at larger spatial scales, a negative effect of the percent
of the landscape in woodland at the 200-m spatial scale, and
a negative effect of canopy cover. In the best model, the mean
patch size of grassland at the 1-km spatial scale had a positive
effect (βGrassPS1K = 0.94, SE = 0.54) while the percent of the
landscape in woodland at the 200-m spatial scale had a negative
effect (βWoodPL200 = −1.68, SE = 0.34). For extinction there
were also just three competitive models (Table 6), which showed
a similar uncertainty in covariate effects to site occupancy. All
three models contained an effect of grassland interspersion at the
1-km spatial scale; woodland effects at small spatial scales were in
all three models, litter depth was in two models, and an effect of
agriculture at the 1-km spatial scale was in one model. In the best
model, there were additive effects of the percent of the landscape
in woodland at the 100-m spatial scale (βWoodPLAND100 = 2.70,
SE = 0.63), the interspersion of grassland at the 1-km spatial
scale (βGrassIJI1K = −2.30, SE = 0.63), and litter depth (βLitter =
0.46, SE = 0.13). Finally, there were just two competitive models
for colonization and both contained a woodland effect at the
200-m spatial scale (percent of landscape and largest patch
index) and an effect for the interspersion of grassland at the
100-m spatial scale (Table 6). In the best model, there were
negative effects of the percent of the landscape in woodland at
the 200-m spatial scale (βWoodPLAND200 = −4.67, SE = 1.37)
and the interspersion of grassland at the 100-m spatial scale
(βGrassPS1K = −2.02, SE = 0.70). In general, across all models
and parameters grassland effects occurred at larger spatial scales
than woodland effects.
Detection probability was most affected by the additive effects
of canopy cover and monarch density; no other detection model
was competitive. In the top site occupancy model there was a
positive effect of monarch density (βDensity = 0.28, SE= 0.05) and
a negative effect of canopy cover (βCanopy = −0.18, SE = 0.03)
on detection probability (Table 6). The direction andmagnitudes
of these effects were almost identical in the top extinction and
colonization models. Estimates of detection probability were
generally >0.40 for mean covariate values (range was 0.33–
0.62). There was no support for the effect of wind, cloud cover,
or temperature on detection probability. The slope parameter
estimates for all of these weather variables were small (<0.03) and
confidence intervals on the estimates included zero.
Using the best model for each parameter, we developed
predictive relationships for key covariates of interest. First, we
predicted the probability of site occupancy as a function of the
percent of the landscape in woodland at the 200-m spatial scale
(Figure 2). Next, we predicted the probability of site extinction as
a function of the percent of the landscape in woodland at the 100-
m spatial scale (Figure 3). Finally, we predicted the probability of
site colonization as a function of the interspersion of grassland at
the 100-m spatial scale (Figure 4). These three figures illustrate
the primary drivers of occupancy, extinction, and colonization
parameters in our study and illustrate how each responds to a
particular landscape-level covariate.
DISCUSSION
The monarch butterfly responds to a suite of local- and
landscape-level habitat features that collectively describe its
occupancy and colonization/extinction dynamics at sites in the
core of its U.S. breeding range. Our study is the first to investigate
these patterns for the monarch in an occupancy modeling
framework within a metapopulation context. We believe the
results provide further insight into patterns of habitat selection
for the monarch, and relate directly to future management and
conservation efforts. Below, we place our findings in a larger
context with monarch and other butterfly literature and discuss
important model assumptions and how deviations from them
may have impacted our findings.
Occupancy analyses have not been previously conducted for
the monarch across any large portion of its breeding range. Such
an analysis requires repeat visits to many sites, preferably selected
at random, which is logistically challenging. Citizen Science
efforts such as the Monarch Larva Monitoring Project (MLMP;
Prysby and Oberhauser, 2004; Nail et al., 2015) offer large
datasets with appropriate survey data, but the non-random site
selection limits inferences. Occupancy analyses have only rarely
been used for other butterfly species, most often single-season
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TABLE 4 | Yearly estimates (mean, SD, and range) of the average measures of three site-specific covariates (canopy cover [%], litter depth [cm], and milkweed frequency
[%]) at all sites surveyed in that year, Iowa, 2006–2017.
Canopy (%) Litter depth (cm) Milkweed frequency (%)
Year x SD min max x SD min max x SD min max
2006 0.41 0.21 0.03 0.72 1.79 0.72 0.62 3.53 0.25 0.17 0.00 0.60
2007 0.45 0.30 0.00 0.94 2.63 2.13 0.58 10.48 0.32 0.20 0.00 0.88
2008 0.44 0.34 0.00 1.00 1.61 0.92 0.00 5.13 0.08 0.13 0.00 0.60
2009 0.47 0.35 0.00 1.00 1.19 1.35 0.00 11.31 0.06 0.09 0.00 0.33
2010 0.37 0.35 0.00 1.00 2.42 3.13 0.00 19.92 0.06 0.10 0.00 0.50
2011 0.42 0.33 0.00 1.00 3.19 2.64 0.67 15.75 0.06 0.10 0.00 0.50
2012 0.40 0.36 0.00 1.00 3.61 3.56 0.00 18.90 0.09 0.12 0.00 0.75
2013 0.52 0.32 0.00 1.00 4.76 3.29 0.69 16.13 0.06 0.09 0.00 0.43
2014 0.32 0.28 0.00 1.00 4.20 4.84 0.00 35.25 0.04 0.07 0.00 0.25
2015 0.33 0.34 0.00 1.00 1.93 1.61 0.00 8.60 0.07 0.12 0.00 0.50
2016 0.37 0.36 0.00 1.00 6.10 7.01 0.00 36.41 0.24 0.25 0.00 0.88
2017 0.38 0.35 0.00 1.00 2.45 2.01 0.00 12.26 0.27 0.28 0.00 1.00
TABLE 5 | Estimates (mean, SD, and range) for six landscape-level covariates at four spatial scales calculated in each of three habitat classes for an occupancy analysis
of monarchs, Iowa, 2006–2017.
Grassland Woodland Agriculture
Scale Metric x SD min max x SD min max x SD min max
100m ED 485.18 381.02 0.00 1863.95 285.15 282.45 0.00 1473.20 391.26 368.28 0.00 1863.95
IJI 44.02 27.86 0.00 99.99 45.17 31.25 0.00 99.99 42.46 27.55 0.00 99.96
LPI 26.42 28.51 0.00 99.91 39.88 37.84 0.00 100.00 12.78 21.69 0.00 100.00
PD 485.78 467.12 0.00 2895.51 199.50 255.30 0.00 1718.21 631.47 573.81 0.00 2738.77
PLAND 31.38 28.61 0.00 99.91 43.37 37.65 0.00 100.00 17.39 22.98 0.00 100.00
PS 0.23 0.53 0.00 3.14 0.72 1.10 0.00 3.14 0.12 0.44 0.00 3.14
200m ED 468.92 318.91 0.00 1887.27 272.79 239.30 0.00 1256.57 379.68 310.24 0.00 1887.27
IJI 44.95 21.20 0.00 98.00 49.66 23.81 0.00 100.00 43.04 21.47 0.00 100.00
LPI 23.91 24.69 0.00 98.86 38.50 35.77 0.00 100.00 11.47 19.33 0.00 99.97
PD 412.89 349.74 0.00 2995.25 158.69 178.29 0.00 1161.88 575.53 459.78 0.00 2509.32
PLAND 30.97 25.65 0.00 98.86 43.55 35.51 0.00 100.00 17.49 20.87 0.00 99.97
PS 0.23 0.78 0.00 12.41 1.67 3.57 0.00 12.56 0.17 1.13 0.00 12.55
500m ED 444.39 222.49 5.31 1381.04 247.50 164.98 0.00 945.63 355.73 228.15 0.00 1389.10
IJI 48.52 14.53 3.77 80.58 50.83 14.61 0.00 84.22 42.51 13.97 0.00 79.04
LPI 17.97 16.91 0.03 83.49 29.26 28.21 0.00 99.85 11.66 14.88 0.00 97.86
PD 357.24 222.93 15.28 1581.84 135.34 112.92 0.00 723.41 482.34 309.79 0.00 1604.75
PLAND 29.11 19.05 0.14 94.94 37.05 28.91 0.00 99.85 22.47 19.28 0.00 97.91
PS 0.14 0.30 0.00 5.32 1.43 7.29 0.00 78.40 0.10 0.37 0.00 5.91
1 km ED 414.47 160.36 35.56 967.49 219.06 130.10 4.72 746.42 332.06 175.24 6.94 1187.81
IJI 50.93 12.88 14.04 80.10 52.31 12.01 10.82 81.52 42.47 12.04 9.98 79.77
LPI 12.18 10.85 0.20 67.26 19.80 20.72 0.02 98.39 13.27 14.09 0.01 86.34
PD 324.25 178.92 54.12 1202.38 124.18 89.75 3.82 712.45 414.24 252.79 23.24 1414.38
PLAND 27.16 14.11 1.18 80.67 30.37 23.81 0.15 98.42 30.84 21.20 0.09 88.77
PS 0.11 0.11 0.01 0.98 0.38 0.66 0.01 7.01 0.13 0.17 0.00 1.39
The covariates were ED, edge density; IJI, interspersion and juxtaposition index; LPI, largest patch index; PD, patch density; PLAND, proportion of the landscape; PS, mean patch size.
models where only site occupancy and detection probability
are estimated (Puntenney and Schorr, 2016). However, logistic
regression analyses where presence-absence is correlated with
habitat and other covariates is a common butterfly research
methodology (recent examples include Powniatowski et al., 2018;
Seidel et al., 2018; Zhang and Miyashita, 2018). In these types
of analyses, the detection process is ignored and the focus is
on the occupancy process and associated correlates. A potential
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TABLE 6 | Model selection results for site occupancy (ψ), site extinction (ε), site colonization (γ), and detection probability (p) for monarchs surveyed in Iowa, 2006–2017.
Model K AICc 1AICc wi Dev.
OCCUPANCY
ψ(GrasslandPS1K + WoodlandPL200)ε(.)p(Density + Canopy) 7 3146.69 0.00 0.14 3132.55
ψ(GrasslandPLAND500 + Canopy)ε(.)p(Density + Canopy) 7 3146.88 0.19 0.13 3132.74
ψ(GrasslandPS1K * GrasslandPD1K + WoodlandPLAND200)ε(.)p(Density + Canopy) 9 3147.85 1.17 0.08 3129.62
EXTINCTION
ψ(WoodlandPLAND200 + GrasslandPS1K)ε(WoodlandPLAND100 + GrasslandIJI1K +
Litter)p(∼Density + Canopy)
10 3123.01 0.00 0.19 3102.73
ψ(WoodlandPLAND200 + GrasslandPS1K)ε(AgriculturePLAND1K + GrasslandIJI1K +
Woodland200PS)p(∼Density + Canopy)
10 3123.37 0.35 0.16 3103.08
ψ(WoodlandPLAND200 + GrasslandPS1K)ε(WoodlandLPI100 + GrasslandIJI1K +
Litter)p(Density + Canopy)
10 3124.28 1.27 0.10 3104.00
COLONIZATION
ψ(WoodlandPLAND200 + GrasslandPS1K)γ(WoodlandPLAND200 +
GrasslandIJI100)p(Density + Canopy)
9 3141.00 0.00 0.05 3122.77
ψ(WoodlandPLAND200 + GrasslandPS1K)γ(Woodland200LPI +
GrasslandIJI100)p(Density + Canopy)
9 3142.16 1.16 0.03 3123.93
For each model, we show the number of parameters (K), Akaikie’s Information Criterion adjust for small sample sizes (AICc), the difference in AICc from the top model (1AICc ), the
model weight (wi ), and the model deviance. Landscape covariates are represented by “Grassland,” “Woodland,” or “Agriculture” along with the landscape metric and the buffer area
[100m, 200m, 500m, or 1 km (1K)]. The landscape-scale covariates were ED, edge density; IJI, interspersion and juxtaposition index; LPI, largest patch index; PD, patch density;
PLAND, proportion of the landscape; PS, mean patch size. Local-scale covariates included canopy cover (Canopy) and litter depth (Litter). “Density” is the average monarch density for
a given year.
FIGURE 2 | Predicted probability of site occupancy by monarchs as a function
of the percent of the landscape in woodland at the 200-m spatial scale, Iowa,
2006-2017. The solid line represents the predicted probabilities and the gray
region is the 95% confidence envelope. Predictions are based on the model
Psi(GRS1KPS + WOD200PLAND) Epsilon(WOD100PLAND + GRS1KIJI +
Litter) p(dapl.density + Canopy).
pitfall of using just logistic regression is that the detection
probability is either assumed to be perfect (1.0) or constant
across all surveys and is not estimated directly from the data.
This assumption may work for certain species, in open habitats
where butterflies are not obscured, and for surveys where the area
being covered is small (e.g., narrow line transects). However, our
estimated detection probability for the monarch, a large, visible,
FIGURE 3 | Predicted probability of extinction by monarchs as a function of
the percent of the landscape in woodland at the 100-m spatial scale, Iowa,
2006-2017. The solid line represents the predicted probabilities and the gray
region is the 95% confidence envelope. Predictions are based on the model
Psi(GRS1KPS + WOD200PLAND) Epsilon(WOD100PLAND + GRS1KIJI +
Litter) p(dapl.density + Canopy).
and easily identified butterfly, was still <1.0 suggesting that this
is not a good assumption. Patterson (2016) estimated a detection
probability of 0.79 for monarchs sampled using Pollard-Yates
transects on grasslands in central Iowa, which was similar to
many of our estimates. It is important to note that detection
probability is seldom estimated for any butterfly species, although
all published studies indicate that it is often substantially
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FIGURE 4 | Predicted probability of colonization by monarchs as a function of
the interspersion of grassland at the 100-m spatial scale, Iowa, 2006-2017.
The solid line represents the predicted probabilities and the gray region is the
95% confidence envelope. Predictions are based on the model Psi(GRS1KPS
+ WOD200PLAND) Gamma(WOD200PLAND + GRS100IJI) p(dapl.density +
Canopy).
<1.0 and few recommend estimating it directly (see Table 1
in Lindzey and Conner, 2011; Henry and Anderson, 2016;
Ribiero et al., 2016).
Our results reveal that monarchs overall had a high probability
of occupancy of our sites during the breeding season (>0.90),
and that this was correlated with landscape covariates as opposed
to local covariates. It was surprising that we found no strong
support for the local-scale covariates, which we hypothesized
would be useful predictors of these parameters. This is surprising
given what is known about habitat preferences of the monarch.
The preferred breeding sites are thought to be open areas with
a mix of nectar-rich resources for adults to feed along with
milkweed for oviposition sites (Zalucki and Kitching, 1982).
We found that woodland at relatively small scales tended to
decrease occupancy and colonization probabilities and increase
extinction probabilities. This could be attributed to the cooler
conditions of woodlands as monarchs tend to utilize areas that
receive sunlight (Zalucki and Kitching, 1982). Additionally, the
potential lack of feeding sources and oviposition sites may
explain the low occupancy and colonization probabilities and
high extinction probabilities.
While woodlands likely contain some nectar sources, they
do not harbor the high densities of milkweeds like grasslands
or agricultural areas (Bhowmik and Bandeen, 1976; Hartzler
and Buhler, 2000). Indeed, the probability of an area being
occupied and colonized by monarchs decreased as woodland
cover increased but this never reached zero. Similarly, extinction
probability never reached 1.00. We hypothesize that even with
100% woodland cover, monarchs may still be found depending
upon the presence of understory forbs and milkweed plants.
This hypothesis agrees with Brower’s (1995) assessment that the
Upper Midwest prior to conversion to agriculture contained
abundantmilkweed and other diverse nectar sources. Seitz (1924)
noted that milkweeds were capable of easily colonizing disturbed
forests, suggesting that even heavily forested regions may be
occupied by monarchs.
Our findings suggest that as the percent of woodland increases
within the 200-m buffer, the probability of an area being
occupied by monarchs decreased yet never reached 0. The
average percentage of woodland for our study across all sites
at the 200-m scale was 43.35% and ranged from 0 to 100%.
Similarly, extinction, or the likelihood that a site that contained
monarchs in year one would not have monarchs in year two, was
also heavily influenced by the percentage of woodland (Figure 3),
although for this parameter the scale was 100m. Our site average
for woodland at the 100-m scale was 43.37% and ranged from
0 to 100%, and as the percentage increased, the likelihood that
the site would not have monarchs also increased, yet again, never
reached 100%.
Lastly, we illustrate the impact of the interspersion-
juxtaposition index (IJI) of grassland at the 100-m scale on
colonization probability. Our findings suggest that as patches of
grassland became smaller and more mixed throughout patches of
agriculture, woodland or other landcover types, the probability
of colonization decreased; as these grassland patches became
larger and more clumped together colonization increased. This
seems to be in contrast to findings that monarchs tend to use
smaller patches of available habitat (Davis et al., 2007) and
have higher egg densities in smaller patches than in larger
patches (Pitman et al., 2018). Our findings could be due to
the scale at which this metric was measured. Monarchs can
fly long distances in a single day (up to 15 km/d according
to Zalucki et al., 2016), so “large” patches at a 100-m scale
may still be comparatively small for this species. Furthermore,
greater connectivity among grassland patches, particularly at
this small scale, may be beneficial to the monarch for finding
more nectar sources and oviposition sites. For example, other
landscape covariates, such as woodland edges, can act as barriers
to monarch movement (Ries and Debinski, 2001). Monarchs are
highly mobile and females in particular travel frequently among
patches to find more milkweed (Zalucki and Kitching, 1982;
Grant et al., 2018). Thus, more contiguous grassland patches
may be preferable to more interspersed habitat. Note, however,
that this parameter did not begin to drop from above 90 until
the IJI was above 50 and that it had a wide confidence interval.
Conversely, it never dropped to zero, indicating thatmany factors
are influencing whether adult monarchs choose to use a patch.
Associations between landscape features and presence-
absence of butterflies have been widely investigated (Dover and
Settele, 2009; Bergerot et al., 2011; Öckinger et al., 2012; Luppi
et al., 2018). Bergman et al. (2004) noted that large spatial
scales were needed for predicting landscape effects on butterfly
communities in agricultural regions. Other studies (Luppi et al.,
2018) emphasized the importance of examining these effects
at multiple spatial scales because of scale-dependent effects. As
a taxon, butterflies may be especially sensitive to increasing
human presence across a wide range of ecosystems (Gross, 2016;
Van Swaay et al., 2016). This is especially relevant in Iowa,
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where native habitat occurs in small, fragmented patches that
are embedded within a primarily agricultural landscape. Indeed,
Iowa has <0.01% of its native grasslands remaining, many of
them isolated from other grasslands (Samson and Knopf, 1994).
Ries and Debinski (2001) noted that at 26 prairies in central
Iowa an estimated 50% of their total perimeter of prairie edges
consisted of row crops and 38% had a road or treeline as an
intersecting boundary feature.
Occupancy models have the assumption of demographic
closure for the secondary sampling periods (MacKenzie et al.,
2002), which in our study was the main breeding season of
the monarch in Iowa. This means that there are assumed to
be no population additions (births or immigrants) or losses
(deaths or emigrants) during the secondary sampling period.
In the strictest sense, this is seldom true for most wildlife
studies, and the primary goal shifts to strategies to minimize
violating this assumption. The multi-generational life cycle of
the monarch makes this especially challenging because (a) some
generations overlap, (b) there is no single time period within the
broad breeding season when a local population is not subject
to population additions or losses, (c) the timing of generations
shifts to an unknown and unpredictable extent between years,
and (d) there is no accurate field method for identifying an
individual monarch to a specific generation. Like any model,
occupancy models produce biased parameter estimates if model
assumptions are violated, key among them the assumption of
closure (MacKenzie et al., 2003). Puntenney and Schorr (2016)
discussed similar challenges meeting the closure assumption,
especially as they related to flight times and the mobility of
their focal species. Rota et al. (2009) noted that estimates
of occupancy tended to be biased when detection probability
was low (p < 0.30), the initial occupancy rate was low, and
extinction was high. In our study, detection probability was
higher (p > 0.40), site occupancy was high, and extinction
probability was very low.MacKenzie et al. (2006) noted that when
there were random changes in occupancy within a season, the
occupancy estimator was approximately unbiased. We believe
that movements by monarchs within a season are random
because this is a wide-ranging, highly mobile species, and thus
the estimates of occupancy in our study should be approximately
unbiased. Finally, we note that if the movement of monarchs
(immigration and emigration) occurring during the secondary
sampling period is random, then occupancy can be interpreted
simply as use of patches (Bailey et al., 2007).
An important aspect of occupancy models is that they make
use of presence-absence data rather than counts or density
(MacKenzie et al., 2002, 2003). Thus, an occupied site contains
>1 monarch in our study; no distinction is made between sites
occupied by a single individual vs. those with more individuals.
There are other models that can integrate site occupancy with
measures of abundance (Royle and Nichols, 2003). Occupancy
modeling has become popular for monitoring populations and
understanding habitat associations because there is no need to
mark and re-encounter individuals. The models require both
temporal and spatial replication (Bailey et al., 2007), which
creates a trade-off between adding more sites and sampling
existing sites more often. The feasibility of conducting a large
number of surveys is enhanced when there is no need to capture
and mark individuals (as in a mark-recapture study) and this
allowed us to have good temporal replication (approximately
four surveys per breeding season per site) while still visiting
a large number of sites each year. The limitation of using
only presence-absence data is that there is no information on
abundance, density-dependent effects on parameters can be hard
to model, and the ultimate assessment of a site’s importance
rests on something other than the number of individuals that
are present.
We present the first estimates of the meta-population
dynamics of the monarch using a 12-year dataset from Iowa. Our
findings suggest thatmonarchs occupy sites using landscape-level
habitat cues, but these cues differ for occupancy, colonization,
and extinction. Local site variables such as the amount of
milkweedwere unimportant in ourmodels. Detection probability
was a function of monarch density and canopy cover and
exceeded 0.40 in our models. Our models were useful for
making predictions about the effects of key covariates on
these parameters, which in turn may be useful for monarch
conservation efforts in the Midwest and elsewhere.
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